Some relationships between photophysical parameters of the dyes and the resulting photoacoustic signal strength could be derived.
Introduction
Photoacoustic imaging (PAI) is a non-invasive biomedical imaging modality that combines optical and ultrasound imaging in such a way that its key characteristics are superior to each of the component imaging techniques. [1] [2] [3] The absorption of a light pulse by a chromophore causes a rapid and transient rise in temperature (in the order of mK), leading to a localized thermalelastic expansion. As a laser beam pulsed in the nanosecond range is scanned through an object to be imaged, the emitted ultrasonic wave profile is acquired using standard ultrasonic transducers. The data are used to reconstruct 2D or 3D optical absorption maps. PAI is non-invasive and combines the advantages of high optical contrast and ultrasound (sub-mm) spatial resolution.
2, [4] [5] [6] Using the high optical absorption of the endogenous chromophore hemoglobin, PAI proved itself as a powerful tool for imaging the blood content of, for instance, the vascular network of cancers in rodent brains or ovary tissues, in mesoscopic biological objects, or present in whole animals. 7 However, to achieve the good signal to noise ratio in reasonably short times that would make PAI of deeply-seated lesions practical, the sensitivity of PAI at greater tissue depths needs to be improved. 4 Furthermore, many cancers, particularly in their early stages, cannot be detected by their intrinsic vascular contrast. 8 These current shortcomings in PAI suggest, inter alia, the use of exogenous contrast agents. The native light absorption of tissue is wavelength-dependent, with the least absorbance in the NIR region. For instance, the wavelength of maximum penetration of breast tissue is B725 nm; whole blood has an absorption minimum at B710 nm. 9 Thus, using near-IR wavelengths within the 'spectroscopic window' (B700-1000 nm) allows tissues to be imaged at deeper depth (several cm) than most other optical imaging techniques. It thus follows that a good PAI contrast agent ought to have a strong absorption in the NIR, particularly in the region between B700 and 800 nm. The FDA-approved ocular angiographic dye indocyanine green (ICG) and ICG derivatives fulfill this spectroscopic requirement. 10 ICG and ICG derivatives were utilized as rare molecular NIR PAI contrast agents even though there are other photophysical parameters -like the significant fluorescence of ICG derivatives, see below -that do not make them ideal PAI contrast agents. 11 Irrespective of the shortcomings, the utilization of ICG suggests its use as the benchmark dye.
ICG is confined to the vasculature space and it clears rapidly (t 1/2 o 3 min), complicating longitudinal in vivo studies.
This led to the development of other contrast agents, such as metal-based nanoparticles combined with and without organic dyes, nanotubes, and porphyrin-based liposomes. 2, 12 Since the safety of the use of nanoparticles in medicine is as yet unclear, 13 it led to the search for novel ways to, for instance, generate dyes in tissue. 6, 14 For instance, photoacoustic probes activatable by cancer markers were developed. 3 Notably rare from all these reports are novel small molecular dyes as PAI contrast agents. 15 The annulation of carba-and heterocycles to the periphery of porphyrins is an established method to red-shift the optical spectra of porphyrins (regular porphyrins generally do not absorb much past 650 nm). 16 We, and independently others, 17 recently reported the synthesis of quinoline-annulated porphyrins, such as parent compound 1, its N-oxide 2, and bisquinoline 3.
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As a result of the extended p-conjugation within these chromophores, they are endowed with, for porphyrins, unusually redshifted l max bands in the 750 nm range. Bacteriochlorins (2,3,12,13-tetrahydroporphyrins) are the chromophores of the photosynthetic pigments of anoxygenic photo-autotrophic cyanobacteria and are the light antenna and electron-transfer pigments in strictly anaerobic heliobacteria. 19 Bacteriochlorins are characterized by UV-visible spectra with intense absorption bands in the near infrared (NIR) region (>700 nm). 20 These optical properties and their ability to generate singlet oxygen make bacteriochlorins very attractive for use as, for instance, photochemotherapeutics 21 or light-harvesting systems. 22 Preliminary reports on their use as PAI imaging agents have also appeared. 15 We prepared the fully synthetic bacteriochlorin 4 by dihydroxylation/alkylation of the corresponding porphyrin. 23 Further functional group manipulation leading to ring expansion reactions in the closely related dihydroxy-, dimethoxy-and tetrahydroxy-substituted bacteriochlorins resulted in the formation of the bacteriochlorin analogues 5 and 6, containing one or two morpholino moieties in place of the pyrroline moieties. 24 These chromophores are endowed with particularly red-shifted and broadened optical spectra, whereby much of the spectral modulation in the morpholinobacteriochlorins 4 and 6 is presumed to be derived from a conformational modulation of the macrocycle; they are particularly ruffled and are believed to be conformationally flexible. 24 We report here the evaluation of the chromophores 1 through 6 as PAI contrast agents in direct comparison to ICG (Fig. 1) . We also compare the photophysical characteristics of the chromophores (longest wavelength absorption bands, extinction coefficients, fluorescence and singlet oxygen quantum yields, singlet state lifetimes, and intersystem crossing yields) to their relative efficacy as PAI contrast agents. We are not aware of any study in which a correlation between the photophysical characteristics of a range of NIR dyes and their efficacy as PAI agents using a near-identical irradiance energy was reported. However, the efficacy of a dye as a PAI contrast agent is related to a large number of physical factors, including -but certainly not limited to -the key photophysical properties listed above. Indeed, this study cannot establish any correlation that would possess good predictive values. Nonetheless, we can identify molecular PAI contrast agents that provide better PAI contrast enhancements than the benchmark dye ICG, and we can glean some trends in the photophysical characteristics of a good imaging agent that may guide further investigations.
Results and discussion

Chromophore selection and their optical properties
We selected the chromophores 1 through 6 for our investigation because of their UV-Vis-NIR absorption properties. Their l max values (the wavelengths of the band of longest absorption) in DMF between 726 and 790 nm fall into the spectroscopic window of tissue, and all fall within a range of 70 nm of those of ICG in the same solvent (Fig. 2) , allowing for a meaningful direct comparison of the PAI data accrued (for further details, see below).
A number of general requirements for a chromophore to render a strong photoacoustic effect can be predicted: 3, 25 inter alia, the chromophore should possess a high extinction coefficient (e) in the NIR range and fast kinetics of the non-radiative deactivation of the chromophore are required so that all absorbed light energy is rapidly converted to heat, resulting in a strong localized thermo-elastic expansion. Upon light absorption, porphyrins generally undergo a p -p* transition into an excited singlet state. From there the system either relaxes back to the ground state through fluorescence or thermally through internal conversion (IC). It can also undergo an inter-system crossing (ISC) into an excited triplet state. In turn, the triplet state relaxes either thermally, through phosphorescence or, frequently observed in porphyrins, through interaction with triplet oxygen ( 3 S g ), generating singlet oxygen ( 1 D g ). Thus, the singlet state lifetime (t S1 ), the fluorescence quantum yield (F Fluo ), the ISC quantum yield (F ISC ), and the singlet oxygen quantum yield (F D ) are crucial parameters to assess the relaxation pathways of the chromophores investigated.
The photophysical characteristics of the quinoline-annulated porphyrins 1 through 3, in comparison to the corresponding data of the benchmark porphyrin TPP and the precursor to the quinoline-annulated porphyrin, oxime 7, are listed in Table 1 .
A comparison of the data reveals that the annulated porphyrins are characterized by parameters that are expectedly favorable for their utilization as PAI contrast agents. Specifically, the quinoline-annulated porphyrins 1, 2, and 3 possess comparably higher extinction coefficients at l max (that are, however, still a factor of B4 smaller than e of ICG), they possess low fluorescence quantum yields (F Fluo ), low intersystem crossing quantum yields (F ISC ), short S 1 state life times (t S 1 ), and generate little singlet oxygen (see also below why this is important). These parameters suggest that their excited S 1 states relax rapidly along primarily thermal pathways, converting more than 98% of the incident light into heat. Therefore, using a good PAI signal generation can be expected upon irradiation of the quinolineannulated porphyrins 1 through 3.
The use of porphyrins in diagnostic applications is potentially hampered by the photosensitization of toxic singlet oxygen upon their irradiation in oxygenated environments. 26 However, chromophores 1 through 3 are characterized by very low singlet oxygen quantum yields (F D ). Applied in vivo, this reduces the risk of photosensitization-induced oxidative stress upon extended periods of irradiation and also of oxidative chromophore photobleaching. Some metalloporphyrins possess theoretically better photophysical properties than their corresponding free bases: for instance, the nickel(II) or copper(II) complexes are expected to possess high non-radiative decay rate constants from the excited singlet state and they are expected to not generate any singlet oxygen. 27 However, the metal complexes of bacteriochlorins are generally less studied because their preparation poses multiple challenges. 20 Moreover, the porphyrinoid metal complexes frequently possess blue-shifted optical spectra, reduced long wavelengths absorptivities, and lower solubilities compared to their free bases. 28 We thus opted here for the study of the free base compounds. A comparison of the photophysical data for oxime 7 and quinoline-annulated system 1 also clearly shows that the iminetype nitrogen substituent or the ketone functionality at the porphyrin b-positions are not the primary origin of the bathochromic spectrum of chromophore 1 or the observed change in the photophysical parameters. A comparison of the data for quinolines 1 and 2 reveals that the presence of the N-oxide only accentuates the trends established by quinoline annulation. Bis-fusion in 3 causes an additional red-shift of l max but does not improve other key parameters. The bacteriochlorins 4 through 6 cover a l max range from slightly above 700 nm for the idealized planar compound 4 to 790 nm for the strongly ruffled bismorpholinobacteriochlorin 6, with 5 occupying a middle position. 18 The more planar and presumably conformationally more rigid chromophore 4 possesses a reasonably high fluorescence yield, its ISC yield is higher than those of all other chromophores investigated, it possesses a relatively long S 1 state lifetime and corresponding high singlet oxygen quantum yield (that is, however, lower than those reported for other bacteriochlorins suggested as PAI/PDT theranostic agents). 15 However, with increasing pyrroline-tomorpholine replacement, increasing nonplanarity and conformational flexibility, the fluorescence yields degrade, and the singlet oxygen yields are diminished (though still high compared to those of the quinoline-substituted chromophores 1 through 3). Also, while the singlet lifetimes are reduced with increasing morpholine substitution, they are still 1-2 orders of magnitude longer than those of the quinoline-annulated systems 3 through 6. In totality, this may suggest that even though their strong absorbance in the NIR is enticing, their long excited state lifetimes may not result in good PA signals.
Evaluation of the chromophores as PAI contrast agents
The Grüneisen coefficient describes the proportionality between the thermal expansion coefficient and the heat capacity of a material (at constant pressure), amounting to the proportionality of the absorbed light energy and the resulting photoacoustic pressure. 25 While known for tissues and other bulk materials, this number is not known for chromophore solutions. However, since something equivalent to the Grüneisen parameter could be very useful for the comparison of a number of dyes in dilute solutions, we assessed the NIR-absorbing chromophores 1 through 6 as PAI contrast agents in phantom studies in comparison to ICG in a standardized fashion and to the PAI signal obtained from a pure blood sample. The data derived from these experiments approximate the comparative value of the Grüneisen parameter. We performed two series of experiments. In one, we prepared solutions of the dyes 1 through 3 and ICG in PBS-1% DMF-1% Cremophore EL s at concentrations that resulted all solutions to possess an equal absorption at l max (O.D. of 1.0 at 1 cm path length, see Fig. 2 ), and we irradiated at l max . Since all solutions absorbed within a narrow window, the energy input difference between the extremes of l max is less than 9%. Empirically, we find the data of the PAI experiments to vary upon replication by up to 7%, i.e. the simplification of using different irradiation wavelengths/energies at equal absorbance values is within acceptable limits. We then performed the phantom studies described below, the results of which are listed in Table 2 .
To allow a much better direct comparison of the PAI signal strength generated by ICG, a blood sample, and any given dye and to allow a correlation to the photophysical data measured primarily in DMF (Table 1) , we set up a second series of experiments. The spectra of the dyes 1 through 6 all overlap with the spectrum of ICG. Thus, DMF solutions of the dyes and ICG were prepared and the isoabsorbance point for each dye-ICG pair was determined. Then the concentration of the solutions was adjusted to an O.D. of 1.0 at the isoabsorbance wavelength (at 1 cm path length; see Table 2 for the l irradiation used), thus assuring that each ICG-dye pair would receive the identical energy input upon irradiation at this wavelength. The blood sample was used as is and irradiated at 750 nm, an arbitrary wavelength in the middle of the range of the l irradiation used.
The phantom studies to evaluate the dyes relative to ICG were performed using the set-up shown in Fig. 3 . A translucent polyethylene tube with an inner diameter of 0.38 mm was filled with the standard DMF solutions of the dyes 1 through 6 and ICG. The tube was immersed at 1.0 and 2.0 cm depths in a tank filled with a 4% intralipid suspension, a white opaque emulsion of soy bean oil, egg phospholipids and glycerin. This emulsion is widely used to simulate the scattering properties of biological tissues at wavelengths in the red and infrared ranges where tissue highly scatters but has a rather low absorption coefficient. 29 Upon illumination with an NIR laser tuned to the l irradiation chosen and spread to 2 cm diameter width at the point where it intersected with the tube, the photoacoustic measurements were recorded for each sample solution using a commercial lowfrequency transducer array. The array was held at a fixed position 1.0 cm and 2.0 cm away from the center of the intersection of the 
The concentrations of the dyes were adjusted to an equal absorbance value of A = 1.0 in a 1.0 cm path length cell. b Solvent DMF. c Solvent PBS.
d Solvent PBS-1% DMF-1% Cremophore EL s and l irradiation = l Soret , see Table 1 .
e Day-old whole rat blood, used as is, l irradiation = 750 nm.
f PAI signal strength below the detection limit. NIR beam and the tube, respectively. The PA signal was collected and processed using a PAI system. Photoacoustic images were reconstructed using a typical ultrasound beam forming algorithm based on the transducer array geometry (for details of the system, see Experimental section). The data thus obtained were plotted using a color scale, providing the photoacoustic images shown in Fig. 4 . The PAI signal strengths relative to those obtained for ICG in the same solvents are listed in Table 2 .
At 1 cm depth-detector distance, all dyes tested provide a clear image of the target. However, the intensity of the signal varied. The signal strengths recorded for the quinoline-annulated porphyrins 1 through 3 are 1.7 to 2.5-fold stronger than the signal for the benchmark compound ICG or the blood sample (that showed very similar PAI signal strengths to those obtained with ICG), with compound 1 providing the best signal. The signal strength recorded for 1 is still nearly 2.4-fold stronger at 2 cm immersion depth-detector distance, though the relative advantages of these dyes in DMF over ICG are largely eroded. A comparison of the photophysical data for the dyes (Table 1) with the PAI data (Table 2) reveals that the best PAI contrast agent 1 is mostly differentiated from the other two structurally similar compounds (and ICG) by possessing the shortest singlet state lifetime, suggesting that this may have been the crucial factor for its relatively high efficacy. 30 Using an aqueous solvent for the comparison of the three dyes with ICG, the absolute signal strength and the relative signal strength advantages of the dyes 1 through 3 are not as strong. Given the lower heat capacity of DMF (1.88 J K À1 cm À3 ) compared to that of water (4.19 J K À1 cm À3 ) (and ignoring factors such as their varying thermal pressure coefficients), 30 the lower light absorption-induced photoacoustic pressure in water does not surprise. The fact, however, that the relative drop in the signal strengths with the phantom immersion depthdetector distance is not as steep when using the aqueous solvent versus DMF does not find a simple explanation. As a result of the higher signal-to-noise ratios, the PAI images recorded with dyes 1 and 2 also show a better-defined tubing structure than the image recorded with ICG ( Fig. 3; note that the images shown were recorded using aqueous solvents). The signal strength recorded for 3 (no image shown) was identical to that recorded for ICG. However, the B4-fold higher absorptivity of ICG compared to the porphyrinoids at around 750 nm suggests that ICG is still a better contrast agent at equal concentrations.
As, perhaps, could be predicted based on their higher fluorescence quantum yields, larger ISC yields, longer-lived excited singlet states, and higher singlet oxygen quantum yields, the bacteriochlorins 4 through 6 did not perform as well as the quinolineannulated porphyrins or ICG in the PAI experiments. This illustrates well the need to fine-tune all photophysical properties of a potential PAI imaging dye, not just their optimal absorption properties. On the other hand, the ability to induce a PAI signal when irradiated with NIR light as well as to generate ROS suggest their utilization in theranostic applications, as suggested by Arnaut and co-workers. 15 
Conclusions
We have shown the direct comparsion of a range of porphyrinoids with NIR absorbing properties belonging to two different compound classes (quinoline-annulated porphyrins and bacteriochlorins) as exogenous PAI imaging contrast agents in phantom studies. We demonstrated the imaging of a sub-mm target at up to 2 cm depth in a tissue-like matrix whereby some porphyrinoids matched or exceeded the performance of the benchmark dye ICG at equal absorbance or the performance of pure blood. This suggests the use of quinoline-annulated porphyrins as potential contrast agents for in vivo use for multi-cm deep tissue PAI. While our data do not allow any obvious direct correlations between the photophysical data and the PAI contrast enhancement measured to be made, the need for the Fig. 4 Photoacoustic images of the dyes indicated, dissolved in an aqueous solution containing the surfactant Cremophore EL to a concentration resulting in an absorbance value of A = 1.0 at 1.0 cm path lengths. Left column: targets located at 1 cm depth, the right column shows targets located at 2 cm depth. Targets: a transparent polyethylene tube of inner diameter 0.38 mm and outer diameter 1.09 mm filled with the dye solution, submersed in an opaque 4% intralipid suspension. To best visualize the contrast, the dynamic range of the display was set to 10 dB. ability of the dyes to access a very efficient thermal relaxation pathway is once again highlighted. Moreover, as we are screening more members of NIR-absorbing porphyrinoids using the simple and rapid screening tool used here, a direct correlation between the PAI signal strength and key photophysical parameters may come into focus, further assisting in the design of optimized contrast agents.
The best contrast agents identified in this study, the two quinoline-annulated porphyrins, are currently undergoing a range of in cyto and in vivo cytotoxicity and PAI studies. Preliminary data suggest that the dyes possess low light and dark toxicity; the details of these investigations will be reported in due course.
Experimental
Materials
The porphyinic dyes 1 through 3, as well as their precursor 7, were prepared from TPP as described in the literature. 18 The bacteriochlorins 4 though 6 were also prepared from TPP as previously described. 23 All solvents were of spectroscopic grade and used as received. Cremophore EL s was acquired from Acros.
ICG was purchased from Sigma Aldrich.
The dyes 1 through 6 and ICG were dissolved in DMF at a concentration so that they possess all identical absorbances (A = 1.0 at the wavelengths listed in Table 2 at 1 cm path length). The dyes 1 through 3 and ICG were also tested in an aqueous solution using the FDA-approved excipient Cremophore EL s , also at A = 1.0 at l Soret .
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Photophysical measurements
The UV/Vis spectra shown in Fig. 2 were recorded on a Cary 50 spectrophotometer. The absorption data listed in Table 1 were recorded at room temperature on a Shimadzu UV/VIS-160 spectrophotometer. The molar extinction coefficients e(l) were determined by means of serial dilutions resulting in concentration curves. Steady-state fluorescence spectra were also recorded to determine fluorescence quantum yields (F Fl ) using different standards (TPP in toluene, F Fl,TPP = 0.11; TPPS in H 2 O, F Fl,TPPS = 0.09; Rhodamine 6G in H 2 O, F Fl,Rh = 0.90). A Xe-lamp (XBO 150, OSRAM) with a monochromator was used for excitation. For the emission detection a polychromator with a cooled CCD-matrix (LotOriel, Instaspec IV, 77131) was used. Time-resolved fluorescence spectroscopy was performed in low-concentration samples (OD E 0.1 at excitation wavelength) via the time-correlated single photon counting (TCSPC) technique, thus yielding fluorescence decay curves. The excitation source used was a pulsed, frequency-doubled Nd:VO 4 laser (Cougar, Time Bandwith Products) with l exc = 532 nm, a pulse width of 12 ps and a repetition rate of 60 MHz. The response function of the system was determined using a Ludox scattering solution (Aldrich). Data were analyzed using a homemade program based on the Nelder-Mead simplex algorithm to obtain fluorescence lifetimes t Fl .
Intersystem crossing quantum yields (F ISC ) were measured by transient absorption spectroscopy. To measure transient absorption spectra, a white light continuum was generated (test pulse) in a cell containing a D 2 O-H 2 O mixture using highly intense, 25 ps-wide pulses from a Nd 3+ :YAG laser (PL 2143A, Ekspla) of 1064 nm wavelength. On its way to the sample, the white continuum pulse was split to generate a reference spectrum. Both the transmitted and reference beam were focused into optical fibers and recorded simultaneously at different traces on a CCDmatrix (LotOriel, Instaspec IV, 77131). Tunable radiation from an OPG/OPA (Ekspla PG 401/SH, tuning range: 200-2300 nm) pumped by the TH (355 nm) of the same laser was used for excitation. A propagation delay line enables the measurement of light-induced changes of the absorption spectrum at different delay times up to 15 ns after excitation. The absorbance (OD) of all samples was 1.0 at the maximum of the lowest-energy absorption band.
Photoacoustic phantom studies
A translucent polyethylene tube with an inner diameter of 0.38 mm and outer diameter of 1.09 mm was filled with the standard solutions of the dyes 1 through 6, ICG and day-old whole rat blood. The tube was immersed at 1.0 and 2.0 cm depths in a tank filled with a 4% intralipid suspension. Upon illumination with an NIR laser tuned to the l max of the dye investigated (Table 1 ) and spread to 2 cm diameter width at the point where it intersected with the tube, the photoacoustic measurements were recorded for each sample solution using a commercial low-frequency transducer array (produced by Vermon, France), and consisted of 64 elements with 0.85 mm pitch. The center frequency of the transducer was 1.3 MHz and bandwidth of 80%, connected to a 64 channel ultrasound PAI system. The array was held at 1.0 and 2.0 cm, respectively, away from the center of the intersection of the NIR beam and the tube. The beam was provided by an Nd:YAG-pumped tunable Ti:sapphire laser with an average power of radiant exposure of 18 mJ cm À2 , i.e., well below the ANSI limits of 21 mJ cm
À2
, for the shortest wavelengths used. 32 The signal was then collected and processed by a 64 channel ultrasound PAI system with a scalable center frequency and bandwidth of the ultrasound transducer: imaging speed 5 frames per s and utilizing a unique field programmable gate array (FPGA) based reconfigurable processor that allows real-time switching and interlacing between the two imaging modalities (i.e. ultrasound and photoacoustic imaging). The system features a modular design and the ability of real-time parallel acquisition from 64 channels with each channel sampled at 40 MHz. 33 Photoacoustic images were reconstructed using a typical ultrasound beam forming algorithm based on the transducer array geometry. These images were then plotted using a color scale, providing the photoacoustic images shown in Fig. 4 . Wang, Chem. Rev., 2010 , 110, 2756 -2782 
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